Social insects provide model organisms for investigating molecular evolution in the innate immune system. Their diversity affords comparative analysis among closely related species and group living is likely to contribute to the pathogen stress imposed on the immune system. We used different models of nucleotide substitution at nonsynonymous (amino acid altering) and synonymous (silent) sites to compare the different levels and type of selection among three immunity genes in 13 Australian termite species (Nasutitermes). The immunity genes include two encoding pathogen recognition proteins (GNBPs) that duplicated and diverged before or soon after the evolution of the termites and a transcription factor (Relish), which induces the production of antimicrobial peptides. A comparison of evolutionary models that assign four unrestricted classes of dN/dS (the ratio of the nonsynonymous to synonymous substitution rate) to different Nasutitermes lineages revealed that the occurrence of positive selection (dN/dS > 1) varies among lineages and the three genes. Positive selection appears to have driven the evolution of all three genes in an ancestral lineage of three subterranean termites. It had previously been suggested that there was a transition along this ancestral lineage to termite morphology and ecology associated with a diet of decayed wood, a diet that may expose termites to elevated levels of fungal and bacterial pathogens. Relish appears to have experienced the highest levels of selective pressure for change among all three genes. Positively selected sites in the molecule are located in regions that are important for its activation, which suggests that amino acid substitutions at these sites are a counter response to pathogen mechanisms that disrupt the activation of Relish.
Introduction
Microbial pathogens can avoid an inducible immune response by evading detection, disrupting the signalling apparatus of the immune response, or blocking the effector molecules that can harm them. If a pathogen can simply evade detection then it does not need to evolve complex mechanisms that disrupt or block the immune system. Pattern recognition proteins (PRPs) such as gram negative bacterial binding proteins, GNBPs , and peptidoglycan recognition proteins, PGRPs (Leulier et al. 2003) , of the innate immune system might therefore be expected to be a focal point of conflict between host and pathogen that drives their molecular evolution. However, there is evidence of purifying selection in PRPs from studies that have focused on GNBPs and PGRPs in Daphnia and Drosophila, respectively (Jiggins and Hurst 2003; Little, Colbourne, and Crease 2004) , which indicates that PRPs are constrained not to change. This may be attributable to the conserved nature of recognition epitopes such as lipopolysaccharides and peptidoglcans, which do not have much evolutionary room for manoeuvre without disruption of their biochemical properties (Girardin, Sansonetti, and Philpott 2002; Janeway and Medzhitov 2002; Loker et al. 2004 ). This argument, nevertheless, neglects the possibility that pathogens can interfere with the PRPs' ability to transmit a signal. There is evidence for adaptive evolution in the signalling protein Relish (Begun and Whitley 2000) as well as several antimicrobial peptides (Hughes and Yeager 1997; Boniotto et al. 2003; Lazzaro and Clark 2003; Morrison et al. 2003; Semple, Rolfe, and Dorin 2003; Bulmer and Crozier 2004; Lynn et al. 2004) . Begun and Whitley (2000) found evidence of adaptive evolution in Relish from Drosophila simulans and these authors speculated that microbial pathogens can interfere with its activation. Activation of Relish, an NF-κΒ like transcription factor, results in the production of antibacterial peptides (Dushay, Åsling, and Hultmark 1996) . Relish is composed of a REL homology domain, a nuclear localization sequence, ankyrin repeats and a PEST domain. Phosphorylation in or around the PEST domain by the kinase complex IKK results in the cleavage of Relish by the caspase Dredd (Salmeron et al. 2001; Stoven et al. 2003 ). This cleavage is believed to prevent the ankyrin repeats (I-κΒ like domain) from inhibiting the activation of Relish and exposes the nuclear localization signal allowing the REL homology domain to target genes. Bacteria such as Yersinia have systems that can interfere with the signalling response and studies are now revealing specific components of NF-κΒ activation that might be targeted (Orth et al. 1999; Neish et al. 2000; Lindmark et al. 2001) . Bacteria may also target molecules much further upstream of Relish in the signalling pathway. Social insects are model organisms for investigating adaptive evolution in the innate immune system (Schmid-Hempel 1998). Group living in social insects increases their vulnerability to disease. In addition, the male-haploid genetic system in the Hymenoptera and inbreeding in the Isoptera can yield high relatedness among colony members, which potentially facilitates the spread of parasites and disease (Schmid-Hempel and Crozier 1999) . In this study we focused on a group of Australian termites in the genus Nasutitermes. These termites are closely related but vary in their foraging ecology, nest type and location and we have found evidence of diversifying selection in a group of their defensin-like antimicrobial peptides (Bulmer and Crozier 2004) . Previous studies of molecular evolution in GNBP and Relish used population genetic approaches to detecting positive selection with two or three species. In this study we use a comparative analysis with codon based substitution models and 13 species to investigate molecular evolution in GNBP and Relish.
Methods

Termites
Collection and identification of the different Australian nasutes and the outgroup Drepanotermes rubriceps has previously been described (Bulmer and Crozier 2004) . Mastotermes darwiniensis workers were collected from a foraging group in a log in Townsville, QLD (S 19°20.063', E 146°45.343') .
Isolation and Characterization of Relish
We designed degenerate primers with the program CODEHOP (Rose et al. 1998 ) using protein alignments generated with the program BlockMaker (Henikoff et al. 1995) from Drosophila melanogaster (GenBank accession # NP_477094), D. yakuba (AF204290) and Aedes aegypti (AAM97895) Relish sequences. The degenerate primers were used for one-step reverse transcriptase PCR (Invitrogen, San Diego, Calif.) of mRNA. The mRNA was prepared from 20 untreated large Nasutitermes graveolus workers, ground in liquid nitrogen, homogenized by centrifugation through a Qiagen shredder for 2 min at 16000g and purified with a Quick Prep mRNA kit (Amersham Biosciences, Castle Hill, Australia). A primer pair (forward: GCC TCA ACT GAG AAT CGT GGA RCA RCC NGT and reverse: GAA GAT GTA CTT TTT AGC AGT GTG GAT DAT NCC CAT) produced a band of expected size (~300bp). PCR cycle conditions were 55C, 20 min; 94C, 2 min: 40X(94C, 15 s; 55C, 30 s; 72C, 2 min); 72C, 7 min. The 300bp band was gel purified and amplified a second time: 94C, 2 min; 35X(94C, 2 min; 55C, 30 s; 72C, 30 s); 72 C, 7 min and gel purified and cloned with the PGEM-T Easy Vector system (Promega, Annandale, Australia). A BLAST search revealed that the sequence of PCRamplified clones had significant similarity to D. yakuba Relish (AF204290). The full sequence of the mRNA transcript for N. graveolus Relish was obtained by 5'and 3' RACE, performed as described previously (Bulmer and Crozier 2004) . The majority of the transcript (18 nucleotides downstream from the start codon to 12 nucleotides upstream of the stop codon) was amplified by one-step reverse transcriptase PCR from different nasutes with 5 pairs of specific primers ( 
Isolation and Characterization of GNBP
For isolating GNBP from termites, degenerate primers were designed from Manduca sexta (AF177982), Bombyx mori (BAA92243), D. melanogaster (AAF50349) and Anopholes gambiae (EAA00167) using CODEHOP and BlockMaker. GNBP was initially isolated and characterized in M. darwiniensis with mRNA purified from 5 workers with the Quick Prep mRNA kit. A primer pair (forward: GGA TAC AAG GTA CCA GCA TGG CNC CNT TYG A and reverse: GGG GGT ACC ATT GGT TTC GTK CNT YCC ARA A) produced a band of expected size (~180bp). PCR cycle conditions, band purification and cloning followed the same procedure described for Relish. The full sequence of the mRNA transcript for M. darwiniensis GNBP was obtained by 5'and 3' RACE (see above). This sequence and sequence from A. gambiae (EAA07705 and EAA09916) was used to design degenerate primers that had greater specificity for termites. A primer pair (forward: GAATGC CAA CTG GTG ACT GYT NTG GCC and reverse: TTG GTC TCG ACC GTT CCA RAA RTC) produced a band of expected size (~600bp) in both M. darwiniensis and N. graveolus. A screen of clones from the N. graveolus reverse transcriptase PCR product revealed two GNBPs (GNBP1 and GNBP2) that shared only ~71% of their amino acids. A subsequent screen of M. darwiniensis clones also revealed two GNBPs that shared ~75% of their amino acids. The full sequence of the mRNA transcript was obtained for these nasute GNBPs and M. darwiniensis GNBP2 with 5' and 3'RACE. The full transcript was then amplified by one-step reverse transcriptase PCR from different nasutes with 2 pairs of specific primers for each GNBP ( 
Statistical Analysis
Relish and GNBP cDNA sequences were aligned by inspecting translated sequence with Se-Al, version 2.0a11 (Rambaut 2002) . The phylogenetic trees were constructed with Bayesian analysis using the program MrBayes, version 3 (Huelsenbeck and Ronquist 2001) . The optimum substitution models were determined with the programs MrModeltest, version 2.2 (Nylander 2004) and PAUP* version 4.0b10 (Swofford 1998) . All sequences, including partitioned sequences (see below), passed a test for stationarity with the program TREE-PUZZLE (Schmidt et al. 2002) , which uses chi-square tests that compare the nucleotide composition of each sequence to the frequency distribution assumed in the maximum likelihood model. A phylogenetic tree for the PAML and HYPHY analysis (see below) was generated with MrBayes using partitioned data, which included the first, second and third codon positions of GNBP1, GNBP2 and Relish ( Figure 2 ). The data was partitioned so that a separate nucleotide substitution model could be chosen for each codon position in each gene. The Akaike index results from MrModeltest provided substitution models for each of the nine partitions. The MrBayes analysis was run with four chains and a burnin of 10 4 generations followed by a search of 10 6 generations for the best tree. The tree was rooted with cDNA sequence from D. rubriceps. The analysis was repeated four times to ensure that the best trees had not been found at local optima. The amino acid sequence of Nasutitermes graveolus Relish (DQ058898) was aligned with D. melanogaster Relish (NP_996189) with ClustalX, version 1.81 (Higgins, Thompson, and Gibson 1996) . Relish domains were identified with a search of NCBI's Conserved Domain Database (Marchler-Bauer and Bryant 2004) .
The ratio of the nonsynonymous (dN) to synonymous nucleotide substitution rate (dS) provides a signature for detecting selection that results in amino acid change (positive selection) or maintenance (negative or purifying selection). We identified positively (dN/dS > 1) and negatively selected sites (dN/dS < 1) with the program package PAML (Yang 1997; Yang et al. 2000; Yang, Wong, and Nielsen 2005) using the M8 model (Bayes Empirical Bayes analysis) and the program package HYPHY (Kosakovsky Pond, Frost, and Muse 2005) using the fixed effects (2 rate FEL) and random effects (REL) models of molecular evolution. In order to make comparisons between Relish and GNBPs, the M. darwiniensis sequence was not included in the PAML and HYPHY analysis. M. darwiniensis is very distantly related (Thompson et al. 2000) to the termitids (nasutes and Drepanotermes) and its inclusion could erroneously increase estimates of the synonymous substitution rate among the GNBPs. For the HYPHY analysis, we employed codon substitution models that combined the HKY85 nucleotide substitution model with the Muse and Gaut model and that consider approximate branch lengths (Kosakovsky Pond and Frost 2005b; Kosakovsky Pond, Frost, and Muse 2005) . We used a nominal alpha level of 0.1 for FEL, 0.05 for REL and a posterior probability cutoff for the Bayesian method of 0.95 for M8. The fixed and random effects model lack power to detect positively selected sites for small datasets (<18) so these are conservative nominal alpha values (Kosakovsky Pond and Frost 2005b) . To further reduce the chance of falsely accepting positively selected sites we considered sites to be under positive selection if there was consensus between all three models.
We also used PAML and HYPHY models that allow dN/dS to vary among lineages to investigate whether selective pressure on all three genes varies among lineages. The PAML lineage-specific models require a priori hypotheses when testing whether dN/dS is greater than one in a specific lineage or a subset of lineages (Yang 1998) . The genetic algorithm in HYPHY assigns four classes of dN/dS to lineages in a search for "the best model" of lineage specific evolution (Kosakovsky Pond and Frost 2005a) . This latter approach can identify lineages under positive selection without an a priori hypothesis for lineage-specific evolution.
We used the methods described by Huelsenbeck et al. (2003) , as implemented in the program SIMMAP (Bollback 2004) to infer the distribution of life history traits on the phylogenetic tree, using the set of post-burnin trees derived from our MrBayes runs using all sequences combined. We studied two characters with three character states each, namely nest site (subterranean, epigeal, arboreal) and food (rotten wood, grass, sound wood). We investigated the effects of the character states being unordered or ordered (in the orders given), and of the trees being unrooted or rooted with Drepanotermes rubriceps.
Results
The gene tree of the GNBPs in Nasutitermes (see below for species ID), D. rubriceps (Dr) and M. darwiniensis (Md) indicates that GNBPs duplicated once (Figure 1 ). This duplication event occurred prior to the divergence of Mastotermes, the most basal lineage of the Isoptera (Krishna 1970; Miura et al. 1998; Thompson et al. 2000) . The phylogenetic tree generated with MrBayes and the partitioned data set has high credibility support ( Figure 2 ) and appears to group termites according to their ecological attributes with the possible exception of Nasutitermes triodiae. Nasutitermes pluvialis (Np), Nasutitermes dixoni (Nd) and Nasutitermes fumigatus (Nf) are subterranean termites that forage in rotten wood. Nasutitermes exitiosus (Ne), N. graveolus (Ng) and Nasutitermes walkeri (Nw) build distinct nests (N. exitiosus constructs mounds and N. graveolus and N. walkeri construct arboreal carton nests) and feed on relatively sound wood. Nasutitermes comatus (Nc), N. triodiae (Nt), Tumilitermes pastinator (Tp), Nasutitermes longipennis (Nl) and Nasutitermes magnus (Nm) are mound builders that eat grass, which they store in their nest (Miller 1997 ). This tree also shows close congruence with the phylogeny of Miller (1997) , which used morphological characters. The MrBayes phylogeny was used in the PAML and HYPHY analysis. The large majority of informative amino acid sites were under neutral or significant negative selection, which indicates that most nucleotide change is occurring at synonymous sites. For example, the REL models identified 62, 39 and 79 negatively selected sites for GNBP1, GNBP2, and Relish, respectively (alpha = 0.05). The synonymous substitutions at these sites are likely to mask any phylogenetic bias attributable to directional selection of a small number of nonsynonymous sites.
[FIGURE 1 AND 2 ABOUT HERE]
We used PAML (Yang et al. 2000) and HYPHY models (Kosakovsky Pond and Frost 2005b) that allow dN/dS to vary at different sites in the molecules (381 amino acid sites in the aligned GNBPs and 972 in Relish). The M8 model indicates that GNBP1 is under positive selection. Model M8, which uses a beta distribution between the dN/dS interval from zero to one plus an extra category allowing for positive selection (dN/dS > 1), is significantly better than model M8A (Swanson, Nielsen, and Yang 2003) , in which the extra dN/dS category is restricted to one (Table 2 ). The Bayesian approach in PAML identifies one site, 34, as positively selected. The REL model also identifies site 34 as positively selected, however, the FEL model does not identify any sites as positively selected at an alpha value of 0.1 (Table 2) . For GNBP2, model M8 is significantly better than M8A (Table 2 ). The Bayesian approach indicates that only one site, 232, is under significant positive selection and both the HYPHY models only identify site 369 as positively selected. For Relish, model M8 is significantly better than M8A (Table 2 ) . The Bayesian approach identified seven sites under significant positive selection. There is agreement between the HYPHY models and M8 for five of these sites (Table 3 ). In summary, the strength of selection in Relish appears to have been sufficient for identifying specific sites as positively selected with statistical support and consensus among the models. The GNBPs appear to be influenced by positive selection but the models fail to agree on the identity of positively selected sites at the nominal alpha values we have selected.
[TABLE 2 AND 3 ABOUT HERE]
Insect Relish has previously been characterized in fruit flies and mosquitoes and the inferred domain structure of termite Relish closely resembles that of Relish in Drosophila (Dushay, Åsling, and Hultmark 1996) and Aedes (Shin et al. 2002) . Figure 3 shows an inferred protein alignment of Relish from D. melanogaster (NP_996189) with Relish from N. graveolus (DQ058898). The protein can be broadly divided into a NF-κΒ domain (The N terminal REL homology domain and the IPT domain) with a putative nuclear localization sequence (NLS) at its C terminal end, a spacer region joining the NF-κΒ domain to an ankyrin repeat domain and a C terminal region, which includes a PEST-like domain (Dushay, Åsling, and Hultmark 1996) . N. graveolus Relish has six ankyrin repeats that align with the ankyrin repeats in Drosophila Relish. Termite Relish also has the N terminal serine rich region (SRR) but, in contrast to that of the flies, termite Relish has a C terminal SRR and lacks the SRR immediately following the NF-κΒ domain. Four of five positively selected sites (494, 511, 522, 568) identified by all three site selection models are located within the spacer region towards its 5' end and the fifth site (921) is located in the PEST-like domain. The alignment of termite Relish sequences (supplementary material, http://www.molbiolevol.org) reveals that deletions and/or insertions have occurred in two regions in the molecule in more than one sequence. In other Nasutitermes these regions correspond with insertions of two and eight to nine amino acids in the N. graveolus sequence shown in Figure 3 between positions 494-495 and 571-572, respectively. Both deletion/insertion sites lie in the spacer region, adjacent to sites identified as positively selected (494, 568) and one of these deletion/insertion sites (Figure 3 , site 571-572) lies adjacent to a putative caspase cleavage site (see below). In addition, there is a deletion of a single amino acid of N. triodiae Relish (882-884). Interestingly, the M3 model in PAML identified 882 as positively selected and it appears to be located in a caspase cleavage site (see below). We did not use the M3 model extensively because it tends to pick a larger number of positively selected sites than the M8, FEL or REL models and therefore may be more likely to falsely identify positively selected sites.
[FIGURE 3 ABOUT HERE]
A caspase cleavage site has been identified in Drosophila (Stoven et al. 2003) , which aligns with two potential cleavage sites in N. graveolus (Figure 3 ; site 557, L-L-R-D-G and site 572, I-S-T-D-G). We used the program GrabCas (Meese 2005) and N. fumigatus sequence (sequence with the smallest number of deletions) to identify potential caspase cleavage sites. Cleavage sites are identified according to their similarity with consensus recognition motifs, which are based on experimental data (Thornberry et al. 1997) . The caspase cleavage site in Drosophila, L-Q-H-D-G, resembles the consensus target site for group III caspases that includes human caspase 6, 8, 9 (Stoven et al. 2003) . The fly caspase, Dredd, which cleaves Relish in Drosophila (Stoven et al. 2003) , is most similar to caspase 8 (Inohara et al. 1997) . Site 572, I-S-T-D-G and site 557, L-L-R-D-G are identified by GrabCas as termite Relish sites that share similarity with the caspase 8 consensus target site (3 rd and 15 th choice respectively of 72 sites ranked according to similarity with the consensus sequence). We also identified a site at 880, L-E-H-D-G, which is striking because it matches the consensus target site for caspase 9 and is the most similar site (highest rank among 72 sites) to the caspase 8 consensus sequence. The third amino acid in this putative cleavage site corresponds to a site identified by the M3 model in PAML as positively selected (site 882). In N. triodiae, sites 558, L-R-G-G-D, and 880, L-E-G-G-D, have had mutations resulting in tandem glycines, which abolish any match to sites that resemble the caspase consensus sequences.
In addition to using models that identify positively selected sites, we used PAML models that identify positive selection in specific lineages. Miller (1997) suggests that the subclade (Np,(Nd,Nf)) and the other Australian Nasutitermes should be reclassified as two new genera, based on a cladistic analysis of morphological and habit characters of Australian Nasutitermitinae. There appear to have been important changes in the structure of the mandibles and gut along the lineage rooting (Np,(Nd,Nf)). We compared models with one-ratio of dN/dS along branches to two-ratio models with a separate unconstrained dN/dS ratio along the branch rooting (Np,(Nd,Nf)). In the two-ratio model, the dN/dS for the branch rooting (Np,(Nd,Nf)) was greater than one for Relish (7.5 nonsynonymous substitutions and zero synonymous substitutions) and GNBP2 (7.6 nonsynonymous substitutions and zero synonymous substitutions) but not GNBP1 (6.9 nonsynonymous substitutions and 3.0 synonymous substitutions) and for Relish and GNBP2 the two-ratio model was significantly better than the single-ratio model (Table 4) . We then compared models with a separate unconstrained dN/dS ratio along the branch rooting (Np,(Nd,Nf)) to models with a constrained dN/dS ratio of one to test if the dN/dS ratio for this internal lineage was significantly greater than one. There was a significant difference for both Relish and GNBP2 (Table 4) .
[TABLE 4 ABOUT HERE]
We used a genetic algorithm approach that searches for an optimal model of lineage specific evolution by assigning four unrestricted classes of dN/dS to lineages (Kosakovsky Pond and Frost 2005a) . This approach allows an averaged model probability that dN/dS is greater than one along a specific lineage. Ninety-five percent confidence intervals for the Akaike index criterion, AIC c (Kosakovsky Pond and Frost 2005a) , for the best model (c-AIC for Relish = 12068.0, GNBP1 = 5674.5 and GNBP2 = 5336.3) did not overlap with the AIC c measure for the single rate model (c-AIC for Relish = 12092.8, GNBP1 = 5693.8 and GNBP2 = 5352.4) for all three loci (c-AIC threshold for inclusion for Relish = 12072.5, GNBP1 = 5687.1 and GNBP2 = 5342.2). For all three loci the lineage rooting (Np,(Nd,Nf)) was placed into a dN/dS category greater than one, with a model averaged probability of 99.8% for Relish, 95.8% for GNBP2 and 89.6% for GNBP1. Several other branches were categorized as positively selected (Figures 4) . However, the 95% confidence intervals (CI) for individual branch estimates of dN/dS were significantly different from one in only three cases. The GNBP2 and Relish lineage rooting (Np,(Nd,Nf)) had median values of dN/dS = 2.47, 95% CI of 1.42-5.54, and 4.58, 95% CI of 2.87-6.35, respectively and the apical Relish branch leading to N. fumigatus, which had a median value of dN/dS = 4.57, 95% CI of 2.89-6.35. We estimated the number of nonsynonsymous and sysnonymous substitutions along each branch with the free ratio model in PAML ( Figure 5 ). The PAML free ratio model and HYPHY genetic algorithm approach identified the same lineages as positively selected and the lineages with higher frequencies of nonsynonymous substitutions had higher model averaged probabilities (compare Figures 4 and 5) .
[FIGURES 4 AND 5 ABOUT HERE]
The SIMMAP results (not shown) did not differ appreciably between the sets of conditions used, and indicated that, with P ≈ 1, the common ancestor of the group Np, Nd and Nf was both subterranean and fed on rotten wood. The results are equivocal for the common ancestor of this group with Nc, with about equal chances of epigeal and subterranean nest site and rotten wood or grass feeding. Across the tree, there is a very significant association between the traits of nest site and food, with highly significant associations of subterranean nests and rotten wood feeding, epigeal nests and grass feeding, and arboreal nests and feeding on sound wood. In contrast to Miura et al (2000) the results indicate that arboreal nesting in the Australian Nasutitermes is a derived trait.
Discussion
A comparison between termite Relish and GNBPs indicates that Relish has experienced greater selective pressure to change its amino acid composition than have the GNBPs. The models identified a larger number of positively selected sites in Relish and there was consensus between models for five of these sites. We have previously found evidence of strong positive selection in defensin-like antimicrobial peptides among the Australian Nasutitermes (Bulmer and Crozier 2004) . Positive selection therefore appears to be driving the molecular evolution of a range of innate immunity genes in Nasutitermes, although our results suggest that this selection is relatively weak among the GNBPs. The cell wall moieties that PRPs recognize, molecules such as peptidoglycans that are not found in the host, may not be able to readily change properties such as molecular charge and shape in order to evade detection. The selective pressure on PRPs may therefore be relaxed relative to other components of the innate immune system in which coevolutionary interaction between host and pathogen occurs between molecules that have more room for manoeuvre. In other invertebrates, PRPs have been shown to be constrained by purifying selection (Jiggins and Hurst 2003; Little, Colbourne, and Crease 2004) . In contrast to these studies, we may have been able to detect positive selection in the GNBPs because we compared a larger number of ecologically diverse species and/or termites are exposed to relatively strong selective pressure acting on their immunity genes because group living increases their susceptibility to disease.
Positive selection appears to have occurred along a subset of lineages among all three genes (Figure 4) . Moreover, the selective pressure for change differs between immunity genes along the majority of Nasutitermes lineages. We suggest that this variation is mediated by the diversity in the different loads and types of pathogens that the nasutes were exposed to as they radiated (Bulmer and Crozier 2004) . For example, if the two GNBPs are responsible for the recognition of different pathogens, which appears to be the case for the PGRPs in Drosophila (Lemaitre, Reichhart, and Hoffmann 1997; Stenbak et al. 2004) , then the selective pressure could vary between them as the termites radiated into new niches and were exposed to novel microbial environments.
Positive selection of Relish and GNBP2 and possibly GNBP1 coincides in a single lineage rooting a subset of subterranean termites, which share a common ancestor with N. comatus. Nasutitermes comatus is found in drier savannah-like regions of interior and western Australia whereas the others are found in moister habitat along a narrow eastern coastal strip (Watson and Abbey 1993; Miller 1997) . The evolution of this subclade is also associated with a transition in the morphology of regions of the gut and mandibles that corresponds with a shift in diet from grass and cellulosic material in the soil litter to decayed wood (Miller 1997) . During this transition, termites are likely to have faced a large suite of novel pathogens in decaying wood (Rosengaus et al. 2003) , which could drive the adaptive evolution of all three immune genes. The coincidence in selective pressure on three immune genes suggests that there may have been sweeping changes in the innate immune system and provides support for Miller's (1997) proposal that N. pluvialis, N. dixoni and N. fumigatus should be elevated to a separate genus. However, a new genus of this composition would render Nasutitermes paraphyletic and might be seen to require additional nomenclatural changes. To preserve the genus, we suggest it is more useful not only to retain these three species as members of Nasutitermes but also to synonymize Tumulitermes pastinator under Nasutitermes. Positive selection also coincides between Relish and GNBP2 in an ancestral lineage of two arboreal nesting termites that feed on wood (Figure 4: N. graveolus and N. walkeri) . However, this selection results in only a single nonsynonymous substitution in each locus ( Figure 5 ).
Positively selected sites and insertions/deletions in Relish are located in regions that are important in its activation. Four of five positively selected sites identified by all three models of site-specific selection are clustered in a "spacer" region (Dushay, Åsling, and Hultmark 1996) that in Drosophila is cleaved by the caspase Dredd (Stoven et al. 2003) . The fifth site is located in a region that corresponds to a PEST like domain that may be an important docking point for the kinase complex IKK. In D. simulans Relish, sites in the spacer region and a region including the PEST domain do not appear to be evolving neutrally, in contrast to the rest of the molecule (Begun and Whitley 2000) . Begun and Whitley speculated that microbial pathogens might be interfering with Relish activation to prevent an innate immune response. In support of this hypothesis, bacteria have systems that can disrupt signalling in the innate immune system. For example, Yersinia can inhibit the phosphorylation of NF-κΒ with a type III secretion system (Neish et al. 2000) and enteric bacteria inhibit Relish activation with a mechanism that is independent of the type III secretion system and may instead block caspase cleavage of Relish (Lindmark et al. 2001) . The location of the positively selected sites and the insertions and deletions in termite Relish suggest that the molecule is under pressure to evolve counter responses to bacterial mechanisms that block caspase cleavage or IKK phosphorylation. An adaptive counter response between Relish and bacterial secretory components that enter the cell may be a long-term arms race, given the apparent similarity in site-specific selective pressure between two very distantly related insects, termites and fruitflies. Relish does not appear to be under pressure to change in D. melanogaster (Begun and Whitley 2000) or the majority of Australian Nasutitermes lineages (Figure 4) , which indicates that a molecular arms race involving specific components of the innate immune system has not been a continuous process with the radiation of these insects. Several factors may account for this, such as adaptive change that severely limits a pathogen's ability to evolve a specific molecular counter response, selection pressure for the loss of pathogen virulence or periodic relaxation in pathogen pressure with the occupation of novel ecological niches.
As indicated above, the findings of positive selection in the evolution of PRPs such as the GNBPs (this paper) and in effector molecules such as termicin (Bulmer and Crozier 2004) are counter-intuitive, in the light of the supposed limited room for change in these molecules. The findings then support expectations of both great selection pressure acting on social insects with their populous colonies (Schmid-Hempel 1998; Schmid-Hempel and Crozier 1999) and also significant changes in intensity and direction (kinds of pathogens) resulting from changes in microhabitat and food. 
TTTGCAGACTGCTGCTTCAGTA CACACACCATAAAATATGAAGCAC (-5990.66, -5976.76) 27.80 1 P < 0.001 0.50 ω = 5.46 p = 0.046 ω corresponds with the extra class of dN/dS (in addition to the beta distribution between zero and one) that allows for positive selection in the M8 model but is restricted to one in the M8A model, p corresponds with the proportion of sites with a dN/dS of ω. 
